We have obtained relationships for frequency shifts resulting from the interference of spectral components for the magnitude mode Fourier transform. The approximation of a weak perturbation of well resolved peaks has been used. Both the low-and high-pressure limits for Fourier-transform ion cyclotron resonance (FTICR) operation have been considered. We have found that the shifts can be either negative or positive, depending on the initial phase and/or the choice of the time-domain interval. The magnitude of shifts generally does not exceed the peak width. In the approximation of small perturbations the shifts produced by multiple peaks are additive. We have compared theoretical results with experimental shifts for isotopic clusters of multiply charged insulin. Up to 1 ppm frequency variations were experimentally observed for the insulin 5ϩ charge state, consistent with theoretical estimates. The peak interference is of particular significance in the case of bio-molecular mass spectra having a large number of peaks and covering a considerable dynamic range (i.e., relative abundance). We conclude that the common mass measurement procedure based on the location of the magnitude mode maxima of well resolved peaks can result in systematic mass measurement errors. The relationships obtained provide corrections for the frequency shifts and thus improve the mass measurement accuracy. . This quality is particularly important for bio-molecular applications, where database search specificity is directly related to the mass measurement accuracy [1] [2] [3] [4] [5] . When complex mixtures of biological nature are studied, a single mass spectrum may carry information on hundreds of different compounds [6, 7] . This situation applies when obtaining spectra for peptide or protein mixtures (e.g., using CE or LC separations in conjunction with the MS analysis of proteomes) [6 -10], or in the monitoring biomolecule fragmentation [11] [12] [13] [14] [15] . Enhanced dynamic range is another quality highly desirable in such studies because of the greatly variable abundances of ion species of interest.
H igh mass measurement accuracy is one of the key qualities of the Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR MS). This quality is particularly important for bio-molecular applications, where database search specificity is directly related to the mass measurement accuracy [1] [2] [3] [4] [5] . When complex mixtures of biological nature are studied, a single mass spectrum may carry information on hundreds of different compounds [6, 7] . This situation applies when obtaining spectra for peptide or protein mixtures (e.g., using CE or LC separations in conjunction with the MS analysis of proteomes) [6 -10] , or in the monitoring biomolecule fragmentation [11] [12] [13] [14] [15] . Enhanced dynamic range is another quality highly desirable in such studies because of the greatly variable abundances of ion species of interest.
In this paper we consider interferences between peaks in FTICR mass spectra. We limit our consideration only to interferences resulting from the properties of the Fourier transform (FT), and do not consider factors associated with the physical interactions of ions, e.g., space charge [16 -19] , or phase-locking related interactions [20 -23] . We consider the FT magnitude mode, which is commonly used for presenting mass spectra obtained using FTICR [24, 25] . Frequency shifts resulting from the mutual interferences of peaks are evaluated. We disregard the effects due to noise and consider the model case of a sum of ideal periodic (exponentially damped) signals. The aim is to characterize the limitations upon mass measurements for dense spectra and where peaks may cover a considerable dynamic range, and potentially provide a basis for the improved mass measurement accuracy.
Previous studies [26 -29] have examined the effects of noise on the measurement precision. Phase correction may be employed for improving resolving power, using FT absorption spectra. This approach, referred to as phasing, has been studied for both FT NMR [30] and FTICR MS [31, 32] . Mass shifts induced by negative frequency peaks in linearly polarized FTICR signals have been considered [33] . The article reports that in the presence of ion molecule collisions the observed peak frequency can be shifted due to the overlapping with the wing of the negative-frequency peak. The extended mass calibration relation is proposed that exactly corrects for the shifts and improves mass calibration accuracy. Frequency shifts from partial overlap of positivefrequency peaks were also discussed.
Peak interference in the magnitude mode FTICR spectra was studied by Comisarow et al. [34 -36] . It was shown that the magnitude-mode spectrum of overlapping spectral lines depends upon the relative phase of the corresponding time-domain signals [34] . The intensities, the valley height, and the apparent position of the two overlapping peaks were shown to depend upon the windowing function, damping constant, and the peak separation [35] . Frequency shifts of closely spaced peaks were systematically examined [36] . The study was based on the discrete Fourier transform applied to a model time-domain signal composed of two exponentially damped periodic components having equal amplitude. The frequency shifts were plotted as a function of the frequency separation between the two peaks, ⌬f, and the ratio of the acquisition time to the relaxation time, T a /. It was found that closely spaced peaks having ⌬f Ͻ 3/T a are shifted in frequency. The sign and magnitude of the shifts depend on the parameters ⌬f, T a /, the phase difference and the apodization function [37] used. It was problematic because of the many parameters involved to fully characterize the shifts and develop a correction methodology.
Here we use an alternative approach for the frequency shifts estimation, which is based on analytical relationships obtained using the continuous (or mathematical) Fourier transform applied to model time-domain signals. In this manner it is possible to characterize the frequency shift as a function of all essential parameters. Our consideration starts from the case of two components of equal intensity, same as considered in [36] , and then embraces more general cases of two or more peaks having different intensities. Approximations used for obtaining the relationships include assumptions of a weak perturbation and well resolved peaks. We test the scope of applicability of the relationships obtained by comparison with direct calculations. The relationships allow one to predict conditions when the frequency shifts become significant. We carry out such an analysis and verify these results using experimental mass spectra, which show considerable shifts of well-resolved peaks.
Methods
The frequency shift calculation is based on a simple model time-domain signal consisting of a sum of only two components. We consider two classical cases. First, an infinite time-domain length and exponential damping with a constant characteristic time are assumed. This situation corresponds to the Lorentzian line shape [29] . This line shape may be assumed under highpressure conditions, when the ICR time-domain signal damps considerably during the acquisition period. Next, we proceed with the opposite limit in which the damping time is assumed to be much larger then the acquisition period. In the frequency domain this situation results in peaks having the low-pressure line shape, described by the sinc function [29, 38] . The frequency corresponding to a peak maximum is defined for both high-and low-pressure limits. This value is then compared with the corresponding exact frequency, and the frequency shift is determined. The calculations are based on approximate relationships (see Appendix) obtained from the mathematical definition of the Fourier transform. The results obtained for the doublet are then generalized for the case of a spectrum consisting of multiple peaks. The relationships for the frequency shifts are verified by exact, direct computations. Two approaches for the direct computations have been used. The first approach is based on the fast Fourier transform (FFT) of the model time-domain signal, consisting of a sum of exponentially damped periodic components. In order to precisely locate the peak position we implemented 0-filling and 3-point quadratic interpolation, as described in [36] . Another approach is based on the exact analytical relationships for the sine and cosine integral Fourier transforms [39] applied to the exponentially damped, phase-shifted sine wave. This approach allows one to calculate the peak shape with the doubleprecision accuracy of the computer, giving an accurate and reliable standard for testing approximate results.
Finally, we evaluate the theoretical results by comparison with actual FTICR mass spectra. The spectra were obtained using the 11.5 tesla FTICR mass spectrometer developed and constructed at Pacific Northwest National Laboratory. The instrument is controlled by an Odyssey (Finnigan, Bremen, Germany) data station, and equipped with an external electrospray ion source and an elongated cylindrical open-ended cell, described in details elsewhere [40] . The electrospray solvent consisted of 0.025% trifluoroacetic acid (TFA, Sigma Inc.); 0.1% acetic acid (Aldrich); the balance is water (nanopure 18.3 megaohm-cm resistivity). The bovine insulin (Sigma, St. Louis, MO) concentration used was 10 g/ml. A ϩ2 kV voltage was applied to the ESI emitter, and charged species were injected through a 500 m diameter heated metal capillary maintained at 160°C. At the exit of the metal capillary, the ion beam was focused to the entrance of a quadrupole ion guide by an ion funnel interface [41] [42] [43] . The ions were accumulated in an external storage quadrupole before transfer to the FTICR cell. After trapping in the ICR cell, ions were excited using a broad range stored waveform inverse Fourier transform (SWIFT) [25] and detected at a 728 kHz acquisition frequency, for 512 Kb datapoints. Data were analyzed using software developed specifically for this work.
Results

Lorentzian Line Shape
Let us first consider a simple case of a time-domain signal s(t) consisting of two damped sinusoids, both having unit amplitude:
Here 0 and 1 are angular frequencies, 0 and 1 are phases and is the exponential damping time constant. The frequency p of the power spectrum maximum for the first component can be shifted from the exact frequency 0 due to a perturbation from the second component.
Consider a case where the two components are well resolved. The separation between the two components in terms of angular frequency can be defined as ⌬ ϭ 1 Ϫ 0 . For well-resolved peaks this separation must be larger than the half-width of the Lorentzian peak, Խ⌬Խ Ͼ Ͼ ⌬ 1/2 . Using the Lorentzian half-width [24] , ⌬ 1/2 ϭ2 ͌ 3/, we arrive at the following inequality:
The frequency shift ␦ ϭ p Ϫ 0 due to the perturbation from the second component can be estimated using relationships eq A5 and A8 (see Appendix). Unperturbed sine and cosine Fourier transforms F s () and F c () may be obtained by Fourier transform of the component s 0 (t), eq 2:
The Lorentzian function F L () [24, 29] used here corresponds to the time-domain signal having unit amplitude. The relationships eq 5 and 6 are not exact, but very accurate in our case of a narrow peak, 0 Ͼ Ͼ 1/, and for a frequency range close to the peak maximum, i.e., Խ Ϫ 0 Խ ϳ ⌬ 1/2 . The power spectrum P(), obtained from eq 5 and 6 using the definition eq A1, gives the Lorentzian line shape squared, F L 2 (). In order to estimate the frequency shift using eq A8, we need to find the second derivative of the unperturbed Lorentzian peak at its maximum, for ϭ 0 . Using eq 7 we obtain:
The sine and cosine transforms of the small perturbation, ␦F s () and ␦F c (), are similar to F s () and F c () above, but the second component s 1 (t) is used instead of s 0 (t). The condition of a narrow peak is replaced by the assumption that the separation between the two peaks is small compared to the unperturbed frequency, i.e., Խ⌬Խ Ͻ Ͻ 0 . Having all four functions, F s (), F c (), ␦F s () and ␦F c (), we can estimate the power spectrum of the perturbation ␦P(), using the relationship eq A5 from the Appendix:
Here ⌬ § 1 Ϫ 0 is the initial phase difference, and
The relationship eq 9 is an approximation valid for conditions of small perturbations, Խ Ϫ 0 Խ Ͻ Ϫ1 , and well resolved peaks, eq 4. For eq A8 we need the derivative of the perturbation, estimated for ϭ 0 . For our purpose of an approximate estimation we can ignore terms having ␦ 1 2 , obtaining the following expression:
Substituting eq 8 and 10 into eq A8 we arrive at the relationship for the frequency shift:
This relationship may be easily generalized for the case of two components having different amplitudes, A 0 and A 1 . As shown in the Appendix, the frequency shift is a linear function of a perturbation in the limit of small perturbations considered. Thus, the frequency shift eq 10 needs to be corrected by the ratio of amplitudes A r ϭ A 1 /A 0 :
We see that the two exponentially damped periodic signals interact with each other so that the frequency p , defined as the location of the peak's maximum, deviates from the exact frequency 0 . Eq 12 has been obtained for the FT power spectrum P(), but it is also valid for the commonly used magnitude FT spectrum [29] , because taking the square root of P() does not change the location of the peak's maximum. The perturbation arising from distant peaks de-creases inversely with the peak separation ⌬, however distant peaks can still produce a significant perturbation, particularly when the intensity ratio A r is large (see following discussion for the case of large A r ). The frequency shift produced by several peaks may be estimated as a sum of shifts resulting from pair interferences, as obtained in the Appendix for weak perturbations. Thus, for a set of peaks each frequency shift can be found as ␦ i ϭ ⌺␦ ij , where ␦ ij is the pair interference shift of the peak i influenced by the peak j, estimated from eq 12.
To obtain an appreciation of the magnitude of frequency shifts we assume that the phase difference is zero, so that cos⌬ ϭ 1. Consider a frequency domain FTICR mass spectrum having a peak at m/z 1000. The angular frequency corresponding to the peak's position is 0 ϳ 10 6 s Ϫ1 , for a 10 T magnetic field. Let us assume that a second peak is located at ⌬ ϭ 1000 s Ϫ1 , which corresponds to a mass difference of ca. 1 Da. In case of two isotopic peaks we may assume the intensity ratio A r ϳ 10, i.e., corresponding to the case of a shift of the first isotopic peak caused by the perturbation from the monoisotopic peak. For the exponential damping time ϭ 1 s we obtain from eq 12 the frequency shift ␦ ϭ 10 Ϫ2 s Ϫ1 , or 0.01 ppm in terms of relative error. This shift is very small and may be disregarded in most practical cases. More significant shifts are produced for shorter transient lifetimes. For example for ϭ 0.1 s we obtain ␦ ϭ 1 s Ϫ1 , or a mass measurement error of 1 ppm. Finally, if we assume interference of ca. 10 peaks of same abundance, separated by ⌬ ϳ 100 s Ϫ1 , we arrive at shifts of ␦ ϳ 10 s Ϫ1 , or 10 ppm (for ϭ 0.1 s). The latter situation may occur in the case of a group of overlapping isotopic clusters or for highly multiply charged ions. We conclude that taking into account the frequency shifts of this origin is of significance for high accuracy FTICR mass measurements (for the mass measurement accuracy of ca. 1 ppm or better) in many practical cases.
The above estimates were obtained for an absolute value of the frequency shift. When estimating the combined effect from several peaks, it is necessary to take into account the sign of each pair interference. Figure 1 shows the frequency shifts for a pair of Lorentzian peaks, for three different initial phase differences ⌬. The frequency shift eq 12 is negative for a positive ⌬ in case of a zero initial phase difference. It follows that two peaks move apart as a result of interference when cos⌬ Ͼ 0, as the case in Figure 1a , for ⌬ ϭ 0. If the two time-domain components are initially out-of-phase, then the frequency shift changes sign, and the peaks move closer (Figure 1b , ⌬ ϭ ). Finally, for a phase difference of /2 the interference is compensated and the peaks are positioned at frequencies corresponding to actual values. Parameters for the Figure 1 were chosen so as to make frequency shifts easily visible, and the approximation of resolved peaks (eq 4) is generally inadequate. The phase difference corresponding to the frequency shift compensation has been adjusted empirically for this case to 0.61, slightly different from the /2 value expected from the above approximate consideration.
The peak intensities in Figure 1 and the valley height between the peaks also exhibit the phase dependency. This observation is consistent with the study on the shape of two overlapping peaks in the magnitude FT spectrum [35] . It was found that the intensities, the valley height, and the apparent position of the two overlapping peaks are a function of the windowing function, damping constant, and the peak separation [35] .
A practical consequence of the frequency shift dependence on phase is that the pair interference may be easily compensated by a slight adjustment of the time interval chosen for the Fourier transform. The phase difference ⌬(t) of the two components changes with time t as follows:
In order to compensate for the peaks interference we can choose the starting time so that cos⌬(t) ϭ 0, or
In practice this can be done by discarding a small initial interval of the time-domain signal, from 0 to t 0 . The length t 0 of the skipped interval may be adjusted so as to minimize the frequency shift. Assuming that the time axis origin can be chosen arbitrarily, we can omit the initial phases in eq 13 and express the frequency shift as a function of t 0 :
i.e., the frequency shift eq 15 is a periodic function of the skipped time-domain interval t 0 . It follows that t 0 value that provides the shift compensation may be chosen to be less then /⌬. For example, for two interacting peaks separated by ⌬ ϭ 100 s Ϫ1 (i.e., ⌬f ϭ 16 Hz) the initial interval to be discarded is not longer then 32 ms, which is a minor fraction of a time-domain duration typical for FTICR measurements.
The relationship eq 15 suggests a possible approach for revealing frequency variations due to peak interferences in real data. This can be done by plotting a peak frequency as a function of the initial time-domain interval t 0 skipped prior to FT. In case of pair interference a simple cosine wave will be produced. The wave amplitude is ␦ a ϭ A r /⌬ 2 , and the period T ⌬f ϭ 1/⌬f, where ⌬f ϭ ⌬/2. This approach allows one to estimate measurement errors resulting from peak interference. The most accurate frequency value would be one corresponding to zeros of the cosine wave.
This method for frequency shift compensation can also be used to compensate for a net shift from a number of peaks, e.g., in the case of isotopic peak interference. In this case the function ␦(t 0 ) is a sum of cosines having amplitudes and periods defined by eq 15 for corresponding pair interferences. One can use the property of the eq 15 that it averages to zero over the interval t 0 equal to the period T ⌬f . In case of several interfering peaks it is possible to average the shift over interval t 0 corresponding to the observed period of the frequency oscillations. An advantage of such an empirical approach is that it takes into account all interferences present in a mass spectrum under consideration. Generally the procedure will minimize the frequency shift only for one particular peak. However for some cases it may be possible to chose t 0 that minimizes the error for a group of peaks, as seen from an example for isotopic peaks considered below.
Derivation of the frequency shift relationship eq 12 involved several approximations. In order to evaluate the importance of these approximations we have performed direct calculations of the frequency shift and compared results with the relationship eq 12, see Figures 2 and 3 . The comparison shows that the approximation gives reasonably good values for frequency shifts, but can deviate from the actual values when the assumption of a small perturbation breaks down. The frequency shift compensation based on the phase difference adjustment, eq 14, is quite efficient, as seen from direct computation results for ⌬ ϭ /2. In the case of a considerable perturbation the phase difference for exact compensation becomes different from /2, and ; both components have same amplitudes: A 0 ϭ A 1 . Highpressure limit: Exponential damping time ϭ 1 s, infinite timedomain duration. Solid curve shows results from eq 12, for ⌬ ϭ 0. Closed circles: ⌬ ϭ 0, direct computation. Open circles: ⌬ ϭ , direct computation (absolute value of ␦ is plotted). The peak half-width corresponding to the Lorentzian line shape [24] is shown by the horizontal dotted line. . Angular frequency shift ␦, produced by the interference from a closely spaced peak, versus peaks amplitude ratio A 1 /A 0 . The unperturbed angular frequency of the first peak is 0 ϭ 10 6 s Ϫ1 ; the frequency difference between the peaks is 0 Ϫ 1 ϭ 1000 s Ϫ1 . High-pressure limit: Exponential damping time ϭ 1 s, infinite time-domain duration. Solid curve shows results from eq 12, for ⌬ ϭ 0. Closed circles: ⌬ ϭ 0, direct computation. Open circles: ⌬ ϭ , direct computation (absolute value of ␦ is plotted). The peak half-width corresponding to the Lorentzian line shape [24] is shown by the horizontal dotted line. some additional adjustment may be done, as in Figure  1c .
The unperturbed frequency used for Figures 2 and 3 (and also for Figures 5 and 6 below) is 0 ϭ 10 6 s Ϫ1 , the same as used in the above estimates of frequency shifts for 1000 m/z ions. Thus, the frequency shifts plotted along the vertical axis can be interpreted as relative shifts expressed in parts per million (ppm). The figures are plotted using the angular frequency presentation, ϭ 2f, to simplify estimations using eq 12.
The horizontal dotted line in Figures 2 and 3 shows the peak half-width, calculated for the Lorentzian line shape [24] as ⌬ 1/2 ϭ2 ͌ 3/. The shifts calculated directly never exceeded the peak width. The magnitude of frequency shifts versus peak width is considered below (Discussion).
Low-Pressure Line Shape
The Lorentzian peak model considered above corresponds to the high-pressure limit in FTICR measurements, applicable when the damping time is much less than the time-domain acquisition period T a [29] :
In the opposite low-pressure limit, when Ͼ Ͼ T a , both the peak width and the interference of peaks are defined by the total time-domain length T a rather then by . Thus, we can disregard the exponential damping functions in eq 2 and 3 and assume the model timedomain signal of the following form:
We follow the same steps as in the above calculations. Unperturbed sine and cosine Fourier transforms F s () and F c () have the following form:
Here again we have used the approximation of a small variation of the angular frequency around the exact frequency, i.e., Խ 0 Ϫ Խ Ͻ Ͻ 0 , which has allowed us to omit in eq 20 and 21 terms corresponding to the negative frequency peak [29, 33] . The line shape in the FT power spectrum is as follows:
Here F LP is the FTICR low-pressure line shape [38] shown in Figure 4 . The second derivative at the peak maximum now is as follows:
The small perturbation ␦P from the second time-domain signal eq 19 can be found using approximation eq A5 (Appendix). The derivative of the perturbation is as follows:
Derivation of this relationship (not given) involved the approximation of well resolved peaks, which in the low-pressure limit corresponds to the following inequality [38] :
Another approximation used is that the separation between the two peaks is small compared to the unperturbed frequency, i.e., Խ⌬Խ Ͻ Ͻ 0 . Now we can combine eq 23 and 24 to obtain the frequency shift of the first peak, produced by the interference from the second peak: We have included a coefficient taking into account the ratio of amplitudes of the time-domain components, A r ϭ A 1 /A 0 , following the same logic as was used for obtaining eq 12.
Comparing the two frequency shifts, eq 12 and 26, we see that the absolute magnitude of shifts in both cases is inversely proportional to the frequency difference between the interacting components, and inversely proportional to the characteristic time squared. Both shifts depend on the initial phase difference ⌬. However, the shift in eq 26 has an additional periodic dependence on the time-domain length T a . Thus, the shift eq 26 can be compensated by adjustment of the time interval T a , so that:
ϩ n ͪ , n ϭ 0, 1, 2 . . . (27) Alternatively, one can compensate for the shift eq 26 by adjusting the initial phase difference ⌬. In practice this can be done by the phasing procedure, similar to one considered in the preceding section. We can replace the phase difference ⌬ in eq 26 by the time delay t 0 ϭ ⌬/⌬, as follows:
We can now set the delay time t 0 to one of the following values that provide the frequency shift compensation:
The frequency shift compensation efficiency is seen from exact calculations, Figures 5 and 6 . The compensation allows suppressing the shifts Ͼ100 times in the regions where the approximation of weak perturbation of two well-resolved peaks works well enough. Note that frequency difference values ⌬ used for Figure 5 are chosen so that to set the second cosine in eq 28 to 1, in order to eliminate ⌬-dependent oscillations.
Comparison of the approximate relationship eq 28 and the direct computation results shows that the approximation is reasonably good, when two peaks are well resolved, and the perturbation is small enough for the linear approximation eq A5 to be applicable. The latter condition does not hold when the amplitude ratio is above ϳ100 for the parameters used for Figure 6 . Note that the frequency shift magnitude for A r above 300 approaches the peak half-width ⌬ 1/2 ϭ 7.58/T a [38] , shown by the horizontal dotted line. In such cases the approximations eq 26 and 28 are invalid, and more exact calculations should be used.
Direct computations used for Figures 2, 3 , 5, and 6 are based on exact relationships for the Fourier transform applied to continuous signals eq 1 and 17. However, the same results can be obtained using the discrete FT procedure, e.g., fast Fourier transform, which is commonly used for processing FTICR spectra. We have tested both approaches and obtained equivalent results. However, under conditions of very weak interference . Angular frequency shift ␦, produced by the interference from a closely spaced peak versus peaks amplitude ratio A 1 /A 0 . The unperturbed angular frequency of the first peak is 0 ϭ 10 6 s Ϫ1 ; initial phase difference ⌬ ϭ 0; frequency difference between the peaks is 0 Ϫ 1 ϭ 1000 s Ϫ1 . Lowpressure limit: Time-domain length T a ϭ 1 s, infinite exponential damping time. Solid curve shows results from eq 28, for time delay t 0 ϭ 0. Circles show direct computation results. Closed circles: t 0 ϭ 0. Open circles: Time delay is set to frequency shift compensation, t 0 ϭ t n , eq 29; absolute value of ␦ is plotted. The peak half-width corresponding to the lowpressure line shape [38] is shown by the horizontal dotted line.
zero-filling procedure combined with interpolation must be used for accurate frequency determination using the discrete FT [36] , which makes this approach more complicated for this kind of analysis.
Finally let us consider another form of the relationship for the frequency shift in the low-pressure case. We can rearrange eq 28 using the trigonometric identity 2cosA cosB ϭ cos(A ϩ B) ϩ cos(A Ϫ B), as follows:
Here T tot ϭ t 0 ϩ T a is the total acquisition time, prior to truncating the time-domain by t 0 interval. The relationship eq 30 may be useful when analyzing data having a fixed total acquisition period. One can see that the frequency shift eq 30 includes a term cos(⌬⅐T tot ) that is independent of t 0 and is defined by the total acquisition length T tot . Thus, frequency shifts in the low-pressure case generally can not be compensated by averaging over the period of a frequency variation T ⌬f , as is the case for high-pressure shifts, eq 15. However, this still can be done if the acquisition length is slightly adjusted, so that cos(⌬⅐T tot ) ϭ 0.
Comparison with Experimental Results
The above theoretical considerations were based on idealized concepts of FTICR operation in the high-and low-pressure limits. We also assumed that detected signals have ideal periodic exponentially damped form and are continuous. In contrast, real FTICR data have non-exponential, sometimes m/z-dependent damping, the acquisition process is discrete in time, and the detected signal is inharmonic. The real peak shape differs from high-pressure Lorentzian or low-pressure sinc shape, and can be affected by various factors [29, 44, 45] . In order to test our theoretical results we have examined the real frequency shifts observed in an experimental mass spectrum. We have chosen a goodquality calibration mass spectrum from our 11.5 T FTICR instrument. The spectrum contains several charge states of insulin, which can be used for the DeCal calibration correction [46] . The acquisition period T tot ϭ 0.721 s has been used ( Figure 7) . Such a relatively short acquisition time is often used for high throughput measurements for bio-molecular applications, e.g., in LC/MS runs. The exponential damping time of the time-domain signal was estimated as Ϸ 2.1 Ϯ 0.5 s, which is larger then the acquisition period. Formally this situation is between the low and high-pressure cases. To treat this case we have first directly calculated the frequency shifts, as done above for verifying our approximations. Then we also have applied the approximation obtained above to test its usefulness for treating experimental data.
The frequency-domain interval with 5ϩ insulin isotopic cluster is shown in Figure 8a . Magnitude mode presentation of the Fast Fourier transform, with no zero filling, is used. To reveal details of the experimental line shape we have zoomed the main peak no. 5, Figure 8b .
Here we have implemented zero filling of 3rd order, i.e., the experimental transient length has been increased 8 times by adding zeros prior to FFT. The peak has half-width ⌬f 1/2 Ϸ 1.7 Hz, corresponding to a resolving power ϳ90 K. This half-width is consistent with that expected for the low-pressure line shape [38] :
Figures 9 and 10 show frequencies of the isotopic peaks versus the initial time interval t 0 discarded prior to FT. The elimination of the initial part of a time-domain is equivalent to an additional time delay, so the parameter t 0 is referred to as the time delay in following considerations. The frequency shift ␦f, Hz, of the magnitude peak relative to the unperturbed frequency is shown. The preceding theoretical treatment used angular frequencies ϭ 2 f, so the factor 2 must be taken into account when comparing shifts in Figures 9, 10 , and 11 with the above results. Figure 9 shows experimental results obtained for the spectrum from Figure 8a . All curves start at ␦f ϭ 0 because the frequencies for the whole time-domain (for t 0 ϭ 0) are taken as the reference, or unperturbed, frequencies. Next, Figure 10 shows the frequency shifts calculated for the model isotopic cluster of insulin 5ϩ, having parameters listed in Table 1 ; the time-domain period T tot ϭ 0.721 s has been used, corresponding to the experimental value. The exponential damping time used for calculations is taken from the experimental transient shown in Figure 7 , ϭ 2.1 s. Zero initial phases have been assumed for all 10 components. Each frequency shift has been calculated as a sum of 9 pair interferences. An exact frequency of each corresponding component has been used as unperturbed reference frequency.
The amplitude of frequency variations in Figures 9 and 10 reaches 0.2 Hz, or ϳ1.3 ppm for smaller isotopic peaks on both sides of the isotopic cluster, peaks no. 1 and 10. The frequency beats repeat with period T b ϭ 38 ms. This quantity corresponds to a period of the timedependent phase eq 13:
Here ⌬f ϭ ⌬/2 is the frequency interval between isotopic peaks, ⌬f ϭ 26 Hz, see Figure 8a . Frequencies of the higher-frequency (lower m/z) peaks tend to increase during the beats, while lower-frequency peaks of the envelope have negative shifts. In the mass scale this corresponds to mass intervals increased on average. Thus, calculation of the 0-charge molecular weight corresponding to the isotopic cluster will result in systematic mass error, when the frequencies are measured for the time-domain segment corresponding to the frequency beats. In theory for zero initial phase difference, if the full time-domain is used for FT (t 0 ϭ 0), then the frequency shifts are maximized, as in Figure 10 for t 0 ϭ 0. However in real measurements the beginning of the time-domain signal does not coincide with the moment of in-phase motion of all ions. One reason for this is that the experimental detection of the timedomain signal typically starts at some time delay after the end of excitation. Additionally, excitation of ions generally results in non-zero phase differences, e.g., SWIFT excitation used in our experiments. The mass spectrum has been acquired using 41 ms long SWIFT excitation sequence followed by 1 ms delay before starting data acquisition. This explains why experimental frequency shifts in Figure 9 are displaced along t 0 axes, relative to theoretical curves in Figure 10 .
Comparing the experimental and theoretical frequency shifts in Figures 9 and 10 we can see that both the amplitudes of beats and the time interval between the beats are similar. We conclude that the main origin of the experimental frequency variations is due to the interference of the FT components, as considered above.
The direct computation of frequency shifts in Figure   Figure 8 . Portions of the experimental mass spectrum showing insulin 5ϩ ion, in the frequency-domain magnitude mode. Amplitude is normalized by the most abundant isotopic peak intensity. (a) Isotopic cluster of the insulin 5ϩ ion; no zero filling is applied. Peaks marked by numbers are used for the analysis of frequency shifts shown in Figures 9 -11 . (b) Experimental peak line shape is shown for the isotopic peak no. 5. Zero filling of the third order is used, corresponding to the transient duration increased by factor of 8. 10 took into account both the exponential damping and the actual length of the acquisition time, avoiding the approximations used in the above high-and lowpressure treatments. The three beats over the time interval of 0.1 s have increasing amplitudes due to decreasing time-domain length remaining after rejection of a certain time delay t 0 :
An alternative way to obtain the dependence ␦f(t 0 ) would be to move both the beginning and the end of the interval taken for FT, so that the value T a is constant, independent of t 0 , i.e., in terms of windowing [36, 37] , apply the rectangular window R(t) ϭ 1 for t 0 Ͻ t Ͻ t 0 ϩ T a . In this case it would be easier to apply the approximate relationship eq 28 to analyze the shifts. Adjusting t 0 and T a in eq 28 is a possible way for minimization of the frequency error. This approach can be applied for experimental data obtained under the low-pressure conditions. We leave such an analysis, together with various approaches for frequency shift corrections, for future studies. Experimental conditions considered here are quite close to the low pressure limit, when one can neglect the signal damping over the acquisition period, as seen from the experimental transient in Figure 7 . This allows us to use the relationship eq 28 for a simple approximate estimation of the frequency shifts. Results of such estimation are shown in Figure 11 (dashed curve), together with the direct calculations discussed above (solid curve). The frequency shift for each peak is estimated as ␦ i ϭ ⌺␦ ij , where ␦ ij is the frequency shift obtained using eq 28 for the shift of the peak i resulting from interference with the peak j, for T tot ϭ 0.721 s and peak parameters listed in Table 1 ; all 9 pair interferences are summed. The approximate calculations do not differ much from the accurate results, meaning that the low pressure approximation can be used for this case which has a low ratio of the acquisi- Figure 10 . Frequency shifts versus delay time for peaks of the insulin 5ϩ isotopic envelope, calculated for theoretical abundances of the insulin isotopic peaks, using the total time-domain interval of 0.721 s and the exponential damping time ϭ 2.1 s, same as in the experimental spectrum in Figure 8(a) . Parameters of the model isotopic cluster used for the calculation are listed in Table 1 ; a zero initial phase has been assumed for all 10 peaks. The frequency shift has been calculated as a sum of 9 pair interferences. The same isotopic peaks (no. 1, 2, 5, 9, and 10) were chosen as in Figure 9 . Figure 10 . The dashed line shows results obtained using the approximate relationship for the low-pressure limit, eq 28, which disregards the transient damping over the acquisition period. Sum of frequency shifts resulting from 9 pair interferences is taken. Parameters of the model isotopic cluster used for the calculation are listed in Table 1 ; a zero initial phase has been assumed for all 10 peaks. tion time to the damping constant, T a / ϭ 0.34. Other characteristics of the low-pressure regime have already been mentioned above, namely, peak widths corresponding to the low-pressure relationship eq 31 and the experimental line shapes (Figure 8b ) being similar to the theoretical low-pressure line shape, Figure 4 . The experimental frequency shifts in Figure 9 show a small negative overall trend that is not present in the theoretical plots in Figures 10 and 11 , and that may be due to physical factors omitted in our analysis. Slow frequency drifts observed using FT over consecutive time-domain segments have been studied in [47] . The drifts have been attributed to evolution of the shape of the coherently orbiting ion packets; a frequency drift compensation procedure has been suggested that considerably improves the resolving power [20, 47] .
Here we have implemented an alternative method for the frequency drifts visualization based on plotting the peak frequency versus the length of the initial time interval rejected prior to FT. The approach is similar to the segmented FT [47] , but can be used to monitor faster frequency variations having characteristic times shorter than the length of the moving time interval T a . It allows one to filter out the frequency variations due to peak interference, as considered above. The approach can be applied to practical, relatively short time-domain data without sacrificing the accuracy of frequency determination, because instead of consecutive segmenting, a moving time-domain interval can be used that is just slightly shorter than the total time-domain duration. Preliminary results obtained using this approach for sample bio-molecular spectra show that the physical frequency shifts often dominate over the shifts due to FT peak interference. Further improvement in the FTICR mass measurement accuracy will require consideration of frequency shifts of both physical and mathematical origin, which will be subject of a future work.
Discussion
The frequency shifts due to a short transient life time , or insufficient acquisition time T a , can be suppressed by adjusting experimental/measurement conditions to increase both time periods. We can use relationships eq 12 and 28 to estimate the amplitude of the shifts ␦ a , defined as the absolute value of ␦, eq 12 and 28, taken without the cosine functions. The value ␦ a is inversely proportional to the square of the effective duration of a transient T eff :
Here we have assumed T eff ϭ for the high pressure case, eq 11, and T eff ϭ T a for the low pressure limit, eq 28. Both the relaxation time and the acquisition period T a are related to the total FTICR measurement cycle time. We conclude that optimal parameters would represent a compromise between the accuracy and the throughput of measurements.
The inverse relative error resulting from the frequency shift can be defined as R ϭ /␦ a . This quantity is similar to the relative mass resolving power R m ϭ m/⌬m. Classical relationships for the FTICR resolving power in the low and high-pressure limits are as follows [24] : Here m is ion mass, q ϭ ze is ion charge, e is elementary charge, B is magnetic field. The mass resolving power can be expressed in frequency terms as R m ϭ /⌬ 1/2 [24] , and for the relative frequency shift we obtain:
Substituting for the peak half-width ⌬ 1/2 corresponding expressions for high-and low-pressure limits [24] , we arrive at the following relationships:
A r Ϫ high-pressure limit, Lorentzian peaks (38)
Ϫ low pressure, sinc line shape (39) Thus, the inverse frequency shifts are proportional to the resolving power, multiplied by the characteristic time, and we can use the well-known relationships for the theoretical limit of R m to estimate R . Since R m is proportional to the characteristic time, eq 35 and 36, we conclude that the frequency shifts will be reduced with increasing mass resolving power, proportionally with R m 2 .
For the case of well resolved peaks considered here we can use inequalities eq 4 and 25, arriving at the following upper limits for the relative frequency shift: We see that the inverse relative frequency shifts R are much greater than the mass resolving power R m , provided that the amplitude ratio A r is not large, A r ϳ 1. In terms of absolute frequency shifts this implies that the shift is small compared to the peak width. Relationships eq 38 -41 can be used only when the approximation of a weak perturbation applies. The approximation has been tested in comparisons of the approximate relationships and direct calculations (Figures 2, 3 , 5, and 6). Let us consider the plots ␦ versus A r shown in Figures 3 and 6 , for 0 ϭ 10 6 s Ϫ1 and ⌬ ϭ Ϫ1000 s Ϫ1 . We see that for the amplitude ratio A r larger than ϳ200 the approximations eq 12 and 28 deviate from accurate values, although the peaks are well resolved. Thus the approximations can be inaccurate in case of distant peaks if the intensity ratio is too high. The limit for possible frequency shifts can be estimated from direct calculations as follows. The relative peak width is 3.5 ppm for the high pressure case, Figures 2 and 3 ( 0 ϭ 10 6 s Ϫ1 and ϭ 1 s). For the low pressure case, Figures 5 and 6 , the relative peak width is 7.6 ppm ( 0 ϭ 10 6 s Ϫ1 and T a ϭ 1 s). The peak half-width is shown by dotted line in all four figures. We can see that the directly computed frequency shifts level at values not exceeding the peak width, or in terms of the inverse relative quantities:
This limit for the frequency shifts follows from exact calculations (no approximations). The condition sets the limit to both the frequency shifts and to the scope of the approximate relationships obtained. Finally, we can express the inverse relative shifts in terms of physical parameters, such as ion m/z and magnetic field B. Using the unperturbed cyclotron frequency qB/m for , we obtain: 
Here ⌬(m/z) stands for m/z-separation of the two interacting peaks. The frequency shifts increase proportionally to the cubic power of m/z, which makes the corrections of particular importance for high m/z ions. Equation 43 and 44 also show that frequency shifts improve with increasing magnetic field, ␦ a / ϰ 1/B 2 , which implies one more advantage of the high magnetic field FTICR MS [25] .
We did not consider here the use of apodization [37] and its effect on the frequency shifts resulting from interference of peaks. This problem was studied in [36] using direct frequency shift calculations for model doublets of exponentially damped signals. It was found that maximum absolute shifts observed for apodized signals are larger than for unapodized signals, although for certain conditions apodization can help in the shift compensation. A similar conclusion can be deduced from our results if one considers that elimination of an initial time interval used above is equivalent to applying the rectangular window R(t), as defined in [36, 37] . Thus obtained above functions ␦(t 0 , T a ) can be interpreted as shift dependence versus the rectangular apodization parameters. Also, the exponentially damped signal eq 1 can be expressed via non-damped one, eq 17, multiplied by the exponential window function W(t) ϭ exp(Ϫt/). It follows that the high-pressure results can be considered as frequency shifts for long undamped signals apodized using the exponential window function.
Generally, apodization can increase the effective transient duration by cost of increasing the relative input of parts of the transient that have low intensity and, consequently, low signal-to-noise ratios [29] . In this sense apodization cannot increase the informational content of FTICR data [29] . Thus, the efficiency of apodization in terms of frequency shifts compensation must be considered taking into account noise present in the signal.
Conclusion
We have obtained relationships for frequency shifts resulting from the interference of spectral components for magnitude mode Fourier transforms. The shifts can have both negative and positive sign, depending on the initial phase and/or the choice of the time-domain interval. In the approximation of small perturbations the shifts produced by multiple peaks are additive. The magnitude of shifts generally does not exceed the peak width.
Theoretical results have been compared with experimental shifts obtained for a high quality mass spectrum for multiply charged insulin having a well resolved isotopic structure. In this case the frequency shifts are very pronounced because of a combined interference of closely positioned isotopic peaks. We have observed up to 1 ppm frequency variations in the real spectrum of the insulin 5ϩ charge state, which agrees well with theoretical estimates.
The peak interference sets the fundamental limit for the mass measurement accuracy attainable in FTICR MS using the common approach (i.e., based on the location of the magnitude mode peak maxima). In other words, for ideal mass measurement conditions there can still be some systematic inaccuracies. The relationships obtained allow one to correct for these frequency shifts and to further improve the mass measurement accuracy.
Inaccuracies due to peak interference may be of particular significance in the case of bio-molecular mass spectra that have a large number of peaks, covering a considerable dynamic range. Possible approaches for shift corrections in such cases will be the subject of subsequent studies.
An immediate consequence of our findings is that the peak interference must be taken into account in cases when the high mass measurement accuracy is essential, e.g., when choosing peaks for calibration or for defining mass values for a database search that requires a high mass measurement accuracy. In such cases any closely positioned, high intensity peaks will degrade the achievable accuracy.
